Abstract-This paper deals with the reduction of cogging torque in a single phase brushless DC motor. The constructional features and operating principles of the developed motor is presented. Reduction of the cogging torque is achieved by the use of slit as flux barrier. By using slit to stable the flux density of the motor, the cogging torque produced by the motor is reduced. Simulation studies to evaluate the aspects of the flux distribution inside the machine and the cogging torque characteristic are presented.
I. INTRODUCTION
In recent years, single phase Brushless DC motor (BLDC) is being investigated in different study with different structures and geometries for different applications. However, they suffers from the disadvantage of the production of cogging torque produced during operation. The lower the cogging torque produced, the better the torque performance of the motor. Thus, reduction of cogging torque in single phase DC motor is critical for improved performance.
There are studies to reduce the cogging torque by adjusting the width of stator tooth as in [1] [2] [3] . Study of the impact of asymmetrical stator pole arc on the cogging torque for BLDC motor is presented in [4] . Cogging torque reduction by teeth pairing is documented in [5] [6] . For the design technique, stator teeth notching is proposed to reduce cogging torque [7] . Magnet size effect is presented in [8] [9] . This paper deals with cogging torque reduction of a single phase brushless DC motor. The cogging torque has to be reduced in single phase brushless DC motor in order to make the starting of motor easier to generate higher torque. Slit is a slot to create a flux barrier. By usage of the slit the flux density of the motor is stabilized and hence the cogging torque produced by the motor can be reduced. This is a new technique in reducing the cogging torque of a single phase brushless DC motor.
II. BASIC STRUCTURE
The structure of the studied brushless DC motor is shown in Figure 1 . Figure 1 (a) is the cross sectional view of the motor while Figure 1 (b) is the detail of the studied parameter including the slit is shown. Figure 1 (c) shows the parameter of the motor used for the simulation. It consists of two main parts namely the stator and the rotor. The stator consists of 6 coils connected in series and the rotor consists of 12 sets of permanent magnets (PM). The permanent magnet is embedded in the rotor and are arranged in U-shaped position that consists of left, right and bottom PM. This position is proposed so that majority of flux flows towards the slot in the stator. The arrangement of motor structure encloses all the generated flux efficiently and it is expected to produce high torque. The permanent magnets embedded in the rotor are arranged back to back so that the flux flows toward the coil slot in the stator [10] [11] [12] . Brushless DC motors are different from AC synchronous motors in that the former incorporates some means to detect the rotor position (or magnetic poles) to produce signals to control the electronic switches. The sensor used is the Hall sensor. The driver for the Brushless DC motor generates switching signal with Hall sensor by detecting the position of the poles and energizing the phase accordingly. Parameters used for simulation is shown in Table 1 . 
III. DESIGN CONCEPTS
To reduce the cogging torque, the flux density distribution in the gap must be adjusted. To adjust the flux distribution, the slit is made inside each pole as shown in Figure 1 . This slit direct the flux from high density area to low density area. It gives a more balanced flux density distribution in the motor. By changing the angle of the slit in the rotor based on degree (α) as shown in Figure 1 , it generates different torque characteristics. The ideal situation is that for higher developed torque the cogging torque produced by the motor is lower. So, by variation of the degree of the slit (α), the flux flows inside the motor changes. The final aim is to reduce the cogging torque as much as possible. The slit angle (α) is varied for all model of the motor for 10°, 20°, 30°, 40°, 50°, 60°, 70° and 80°. Both side of the slit's angle (α) is varied for this investigation. Figure 2 shows the torque and cogging characteristic at slit's angle α 1 of 10° and slit's angle α 2 of 10° when a current of 6.6 A is applied. Both side of the slit's position degree (α) is varied. The first angle (α 1 ) is the right side branch of the slit while the second angle (α 2 ) is the left hand branch of the slit. The maximum torque for motor is for the slit's angle α 1 of 10° and slit's angle α 2 of 10° is 0.9937Nm while the maximum cogging produced is 0.2785 Nm. From Figure 2 , the peak torque and peak cogging is to be inserted at Figure 5 and Figure 6 . The ideal situation is the higher torque value and lower cogging value gives better performance to the motor. Different slit angle gives different torque and cogging characteristics. Figure 3 shows the torque and cogging characteristic at slit's angle α 1 of 80° and slit's angle α 2 of 80° when a current of 6.6 A is applied. The maximum torque for motor that has slit's angle α 1 of 80° and slit's angle α 2 of 80° is 0.9682Nm while the maximum cogging it produced is 0.3288 Nm. From Figure 3 , the peak generated torque and peak cogging torque is also be inserted at Figure 5 . Both model in Figure 2 and Figure 3 shown the high torque and quite high cogging value respectively. Figure 5 , by varying the slit angle, different peak torque is produced. The higher the torque the motor generated, the better the motor performance. However, the slit angle do not varied much from each others. Thus, the torque produced does not drop much if the slit angle is varied which is ideal as the torque value should be maintained as much as possible.
IV. EFFECT OF SLIT
A n g le o f s li t, The best model is when the motor has slit's angle α 1 of 70° and slit's angle α 2 of 70°. The cogging torque this model produced is the lowest among others model while the torque produced is almost the same compared with others model. This slit angle direct the flux from high density area to low density area. It gives a more balanced flux density distribution at the motor compared with others slit angle motor. The torque produced is still almost the same because only the flux density distribution is varied. So, the torque is maintained while the cogging is reduced significantly which is the ideal situation. Figure 7 shows the developed torque and cogging torque characteristic at slit's angle α 1 of 70° and slit's angle α 2 of 70°. The maximum torque for motor that have slit's angle α 1 of 70° and slit's angle α 2 of 70° is 1.011Nm while the maximum cogging produced is 0.181 Nm. This is the optimized model that is chosen. The cogging torque produced by motor with slit's angle α 1 of 80° and slit's angle α 2 of 80 is reduced by 45% compared with that of the cogging torque produced by motor with slit's angle α 1 of 70° and slit's angle α 2 of 70°. The great amount of cogging torque is reduced by varying the slit angle. On the other hand the torque value doesn't change much and is almost maintained. Thus, this model generated low cogging and high developed torque which is the most ideal situation.
V. CONCLUSION
The cogging torque reduction of a single phase brushless DC motor by adjustment of flux density distribution in air gap by using slit barrier is discussed. The positioning of the slit shows significant effect on the cogging torque produced by the brushless DC motor. The slit direct the flux from high density area to low density area. It gives a more balanced flux density distribution at the motor. The ideal situation is that the developed torque being higher with low cogging torque value. The cogging torque generated by the motor with slit's angle α 1 of 80° and slit's angle α 2 of 80 is reduced by 45% compared with the cogging torque produced by motor slit's angle α 1 of 70° and slit's angle α 2 of 70°. By varying the angle of the slit (α), the cogging torque is varied and reduced while the torque produced is almost the same. So, the proper choice of angle of the slit (α) effectively reduce the cogging torque produced by the motor.
